arXiv:1504.06630vl [astro-ph.GA] 24 Apr 2015 


Draft version April 28, 2015 
Preprint typeset using ET^X style emulateapj v. 5/2/1 


DUSTY STARBURSTS AND THE FORMATION OF EFFIPTICAF GAFAXIES: 

A SCUBA-2 SURVEY OF A Z = 1.46 CFUSTER 

C.-J. Ma^, Ian SmaiU’^, A. M. Swinbank^, J. M. Simpson^, A. P. Thomson^, C.-C. Chen^, 

A. L. R. DANIELSON^ M. Hilton"^, K. TADAKI^ J. P. Stott^ & T. Kodama^’^ 

Draft version April 28, 2015 

ABSTRACT 

We report the results of a deep SCUBA-2 850- and 450-/im survey for dust-obscured ultra-/luminous infrared 
galaxies (U/FIRGs) in the field of the z = 1.46 cluster XCS J2215.9—1738. We detect a striking overdensity of 
sub-millimeter sources coincident with the core of this cluster: ^ 3-4 x higher than expected in a blank field. 
We use the likely radio and mid-infrared counterparts to show that the bulk of these sub-millimeter sources 
have spectroscopic or photometric redshifts which place them in the cluster and that their multi-wavelength 
properties are consistent with this association. The average far-infrared luminosities of these galaxies are 
(1.0±0.1)x 10^^ Fq, placing them on the U/FIRG boundary. Using the total star formation occurring in the 
obscured U/FIRG population within the cluster we show that the resulting mass-normalized star-formation 
rate for this system supports previous claims of a rapid increase in star-formation activity in cluster cores out 
to z ^1.5, which must be associated with the on-going formation of the early-type galaxies which reside in 
massive clusters today. 

Subject headings: Gaisixies: clusters: individual: (XMMXCSJ2215.9—1738)-galaxies: evolution - galaxies: 
formation 


1. INTRODUCTION 

The relationship between star formation and local galaxy 
density is one of the clearest pieces of evidence of the ef¬ 
fect of environment on galaxy evolution. In the local Uni¬ 
verse the star-formation rate (SFR) of galaxies increases with 
galaxy density up to the scale of galaxy groups, an d then drops 
sharply in the denser envi ronment of clusters fe.g. lFewis et al.l 
l200^:[G6mez et al.ll2003l) . As a consequence, galaxy clusters 
are dominated by passive early-types (ellipticals and lentic¬ 
ular galaxies) whose stellar populations indicate little recent 
star-formation activity, while the low-d ensity field is popu¬ 
lated by star-form ing spiral galaxies te.g. lDressler et al.lll997l: 
ISmith et ^l2005l) . As all galaxies must have been “star form¬ 
ing” at some time, this difference suggests that some feature 
of dense environments has acted to transform star-forming 
galaxies into the passive populations which dominate these 
regions today. 

However, the fraction of star-forming galaxies (or equally 
late-type, disk galaxies) in clus ters increases rapidly with red- 
shift le.g. lDressler et al.lll997h . which suggests that the envi¬ 
ronment of growing clusters may have been less hostile in the 
past. Indeed, mid-infrared and sub-millimeter wavelength ob¬ 
servations have revealed populations of strongly star-forming 
(ultra-)luminous i nfrared galaxies (U/F I RGs) in more dis¬ 
tant c l usters (e.g. iBrodwin et al.l 12013 : iPintos-Castro et ak 
2013 : ISmail et al.l l20l4 [Alberts et~^ 12014 ISantos et^ 
20 i 4 l2015h . This enhanced activity means that the mass- 
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normalized integrated star-formation rate for massive clusters 
evolves rapidly with r edshift, I!(SFR)/Mci oc (If-with a 
as hig h as seven le.g. iGeach et al.ll200^ iPopesso et al.ll2Ql IL 
l2012h . Below z ^ 1, these vigorously star-forming systems 
are generally found on the outskirts of clusters and are in¬ 
ferred to be in-falling, while the star-for mation activity is stil l 
suppressed at the centers of clusters le.g. lSantos et alJ[2013h . 
However, at 2; ^ 1.5 and beyond, strongly star- forming galax¬ 
ies have been identified in the cluster cores (iHayashi et al.l 
I2OIQI: iTadaki et^l2012h . This has been claimed to repre- 
sent the “reversal” of the star forma tion-density relation (e.g. 
iTran et all201Ql:[^ntos et al.ll2015h . 

XMMXCSJ2215.9-1738 (XCSJ2215 hereafter) at 

^ = 1.46 is an excellent target to study the nature of star- 
formation activity in a high-redshift cluster. I t is one of the 
most distant cluster discovered in X-rays ([Stanford et al.l 
[2006[) . demonstrating that it represents a deep gravita¬ 
tional potential. A series of extensive m u lti-wav e length 
follow -up programmes (e.g. [Hilton et H] [2007L [2009L 
[201 Oh confirm that XCSJ2215 is indeed a relatively well- 
developed c luster. Us i ng XM M-Newton and Chandra 
observations [Hilton et ^ ([201Q[) measured an X-ray lumi¬ 
nosity of I/x = 2.91q 4X lO^^ergs”^ and a temperature of 
Tx = 4.1^Q g keV. The velocity dispersion for galaxies within 
the virial radius (R200 = 0-8Mpc) is = 720±110 kms“^, 
suggesting that the cluster l i es on the self-similar a^-Tx 
scaling relation [Hilton et ^ ([2010[) . This then implies a 
clust er mass of Md ^ 3 x 10^^ Mq using the Md-av relation 
('e.g. [Kovama et al.[l2010[) . However, the cluster is unlikely to 
be virialized since it lies below the local Lx-Tx relation (e.g 
[Markevitcl] [ 199 8h . and there is also mild bimodality in the 
velocity distributio n of the 44 cluster members identified in 
[Hilton et al.[ dMoh . 

XCSJ2215 was the one of the first clusters in which a 
reve rsal in the star form ation-density relation was identi¬ 
fied. [Havashi et al.[ ([201 Oh found twelve rOll] emitters within 
0.25 Mpc of the cluster center (see also iHavashi et al.[[201 IL 
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Fig. 1.— Left: An 8' x 8' area around the core XCS J2215 from our 850 /rm SCUBA-2 map with the detected sources within a 1 Mpc projected radius of the 
cluster center marked: the red solid circles indicate the A-cr detections at 850 /rm, while the red dashed circles mark the fainter 850 fim sources (> Scr) which 
are also simultaneously detected in all of the Herschel PACS 70 /rm, 160 /rm, and MIPS 24 /rm bands. We see a strong over-density of sub-millimeter galaxies 
(SMGs) in the core regions of the cluster, which we associate with a population of ULIRG cluster members. The large dashed yellow circle shows the 1 Mpc 
radius and we also plot the 3, 4, 5 a positive (green) and negative (cyan) contours of the 850/rm map. Right: A true-color image of the central 1-Mpc radius 
region highlighted on the left-hand panel (again shown by the large dashed yellow circle). This is constructed from Kg, 3.6 /rm and 8 /rm images and we overlay 
the same SCUBA-2 850/rm signal-to-noise contours. Several of the SMGs coincide with galaxies with very red near-infrared colors, much redder than the bulk 
of the passive cluster galaxies which define the strong overdense population in the cluster core. 


|2Q14|) . In addition, iHilton et H] (I 201 QI) found two mid- 
infrared bright, apparently star-forming, cluster members 
within 0.2 Mpc of the center using Spitzer IMIVS. These stud¬ 
ies suggest that both high- and low-SFR galaxies are found in 
the densest regions of this cluster, and they showed that the 
star-formation density does not drop at the cluster core. How¬ 
ever, at the redshift of XCS J2215 estimating the total SFR 
from the Spitzer MIPS 24 pm luminosity is complicated by 
the presence of both Polycyclic Aromatic Hydrocarbon (PAH) 
emission and potentially strong Silicate absorption features in 
the band, as well as potential contamination from continuum 
emission due to AGN. Similarly, as we demonstrate later in 
the paper, estimating the total SFRs from [Oil] fluxes also 
suffers from uncertainties due to the dust obscuration. An in¬ 
dependent route to identify strongly star-forming galaxies and 
determine their SFR is to use the dust thermal emission in the 
far-infrared and sub-millimeter wavebands. In this paper, we 
have therefore combined new SCUBA-2 sub-millimeter ob¬ 
servations of XCS J2215 with archival mid- and far-infrared 
and radio data to study the SFR and dust properties of the 
galaxy population in this 2 : = 1.46 cluster. 

Throughout this paper, we adopt a ACDM cosmology with 
Hq =70kms“^ Mpc“^, Qa =0.7, and =0.3. In 
this cosmology, 1" corresponds to 8.5 kpc at the cluster red- 
shift. The cluster center derived from the X-ray ce ntroid is 
at 22 15 59.5, -17 38 03 (J2000) (iHilton etalJl2010h . Magni- 
tudes are quoted in the AB system. 

2. OBSERVATION AND DATA REDUCTION 

This work is primarily based on the sub-millimeter maps at 
450- and 850-/im obtained with the Sub- millimeter Common- 
User Bolometer Array 2 (SCUBA-2, iHolland et al.l 12013h 
on the James Clerk Maxwell Telescope (JCMT). In addi¬ 
tion, we compile multi-wavelength images and photometry 
of the sub-millimeter galaxies from various archives, includ¬ 


ing Spitzer, Hersche^ Hubble Space Telescope and the Karl 
G. Jansky Very Large Array (JVLA). We also collate red- 
shifts and_ 0 £tic^/ne^^frared dat a for galaxies in th i s field 
from IHilton et al.l (20101) (see also IHilton et al.l [20071120091: 
iHavashi et al.ll201C)lk 


2 . 1 . SCUBA-2 Observations 

The SCUBA-2 observations of XCS J2215 are performed 
in 2013 July-August in Band 1 conditions (r 225 <0.05) 
as part of projects M13AU29 and M13BU10. The simul¬ 
taneous 450 and 850 pm observations yield a total integra¬ 
tion of 8 hrs, as twelve 40 min scans, centered on the clus¬ 
ter. The data from each scan are processed individually 
to m ake maps using the SMURiQ reduction software pack¬ 
age (iJenness et al.l 120131: IChapin et al.l 120131) . These maps, 
in unit of pW, are calibrated to Jy using the canonical cal¬ 
ibration factor of FCF 450 =491 ± 67 Jybeam”^ pW“^ and 
FCFgso = 537 ±24 Jybeam”^ pW“^ at 450 and 850/im re¬ 
spectively, which are consistent with the calibration from 
flux standards obtained on the relevant nights. We coadd 
the individual exp osures using the PICARD package (e.g. 
IJenness et al.ll2008h to construct the final map in each band. 
Finally, we apply a matched-filter to the maps with beam full- 
width-half-maximum of 8 " and 15" at 450/im and 850/im 
respectively to improve the sensitivity for point source de¬ 
tection. The 1-cr noise levels at the center of the final maps 
are 5.4 and 0.63 mJy beam“^ at 450 and 850 pm respectively. 
The sensitivity drops to 50% at the radius of ^ 5.4' from the 
map center due to the scan coverage of the daisy pattern. 
The central 8 ' x 8 ' area of the match-filtered 850 pm image is 
shown in the Fig.[T] 

^ Herschel is an ESA space observatory with science instruments provided 
by European-led Principal Investigator consortia and with important partici¬ 
pation from NASA. 

^ http://starlink.jach.hawaii.edu/docs/sc21 .htx/sc21 .html 
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To determine the accuracy of the absolute astrometry of the 
850 yum map, we compare the coordinates of 850 yum sources 
(detected at > 3cr) with the closest matched counterparts at 
24 yum. After removing three outliers, the mean offset of the 
17 counterparts at 24 yum is ARA = 1.4"± 0.6" and ADec = 
—0.4"± 0.8". We correct the astrometry of the 850 fim map 
using the 24 yum offsets. We similarly confirm that astrome¬ 
try of the 450 yum map is consistent using the counterparts of 
sources at 24 yum. The mean offsets are ARA = -0.2"± 0.6" 
and ADec =0.1"±0.6". Thus, there is no significant offset 
identified and so we choose not to correct the astrometry. 

2.2. Radio Observations 

We retrieve archival JVLA observations of XCSJ2215 
(Project llA-241) taken in L-band in A-configuration over 
six nights in 2011 August to September. For these obser¬ 
vations the correlators were configured to give two spectral 
windows centered at 1.264 GHz and 1.392 GHz, each con¬ 
taining 64 channels with 128 MHz total bandwidth. The to¬ 
tal on-source integration time was 15 hrs. The amplitude and 
passband calibrator 3C 48 was observed at the beginning of 
observation each night, and every two scans of XCS J2215 
were bracketed by the 2 min scans of the phase calibrator 
J 2246-1206. 

We reduce the data using the Common Astron- 

OMY Softwa re _ Applications0 (casa) software 

(iMcMullin et al.l l2007h . One of the two spectral win¬ 
dows (1.264 GHz) suffered from severe radio frequency 
interference (RFI), and we apply the automatic RFI excision 
mode “rfiag” of FLAGDATA package in CASA. The data 
from each spectral window are then calibrated in bandpass, 
phase, and amplitude using the calibrators respectively. The 
combined data from the two spectral windows are used to 
make a continuum image with robust weighting and a pixel 
size of 0.4". The image is self-calibrated to improve the 
sensitivity, which reaches a 4-cr limit of ^ 30yuJy beam“^ 
at the center of the final image. The synthesized beam size 
is 2.3" X 1.2" (PA= 195 degrees). Fig. [2] and [3] show the 
contours of the radio emission over the infrared and optical 
imaging. 


2.3. Archival Observations 

To investigate the restframe multiwavelength properties of 
the sub-millimeter sources seen in the cluster we have ex¬ 
ploited the images and photometry from Hubble Space Tele¬ 
scope {HST), S ubaru and Spitzer compiled bv iHilton et al.l 
(120101) (see also lHilton et al.ll200^ iDawson et al.ll2009l) . We 
show the Subaru Kg and Spitzer IRAC imaging of the cluster 
in Fig. [Hand thumbnails of the HST imaging of the individual 
SMGs in Figs.m 

The details of 2 ^ 850 , TT.s, I RAC and MIPS data can be found 
in iHilton et all (|2009LI201Q|) and the references therein, but we 
repeat the essential information here. 

HST ^850 • The obs ervation was perforni ed using ACS through 
the F850LP filter (iDawson et al.ll2009h (project ID: 10496). 
The total exposure time was 16.9ks, and t he 5-a magnitude 
limit of the catalog in (iHilton et al.l l2009h is zgso ^ 26.0. 
We retrieved the ACS images of the cluster from the HST 
archived as well as a 0.7-ks WFC3 F160W near-infrared im¬ 
age (project ID: 12990). These images provide ^ 1 kpc res- 

^ http://casa.nrao.edu/ 

^ http://archive.stsci.edu/ 


olution imaging of the cluster members at restframe wave¬ 
lengths approximately corresponding to the U and R-bands. 
These images are displayed in Fig.[3]to illustrate the restframe 
UV-optical morphologies of the SMGs. 

Subaru Kg : The observation w as performed using MOIRCS 
instrument (IHilton et al.ll2009h . The total integration time is 
1.24ks, and the 5-cr magnitude limit is Kg ^ 24.3. 

Spitzer IRAC and MIPS: A total of 1500 s integration 
was obtained with IRAC (Program 50333) and 1800 s with 
MIPS. The IRAC photometry were measured with 4" diam- 
eter circular aperture with aperture correction measured by 
iBarmbv et al.l (120081). We use the IRAC source catalogue 
compiled in IHilton et al.l (120101) . of which sources are cross- 
matched against their Kg band catalogue to find the nearest 
matc h within 1.2" radiu s. Our 24 pm catalogue also comes 
from IHilton et al.l (120101) and contains 152 sources detected 
at >5(7, of which eight are associated with cluster mem¬ 
bers (four spectroscopically confirmed and four selected us¬ 
ing photometric redshi fts). The 50% com pleteness limit of the 
catalogue is ^ 70/iJy (IHilton et al.ll2010l) . corresponding to a 
limit of Lt r > 3x at the cluster redshift using tem¬ 
plates fr omlDale & Heloij (l2002b or a SFR of > 60 Mq yr“^ 
based on lKennic^ (Il998l) . 

In addition to the data described above, we also obtain 
longer-wavelength archival observations of the cluster taken 
with the PACS instrument on Herschel at 70 pm and 160 pm. 
The two obse rvations are perform ed under an open time OTl 
program (^see ISantos et al'l IMT^ on 2012 April 30 (Obsid: 
1342245177) and 2012 December 19 (Obsid: 1342257511) 
and are retrieved from the Herschel Science Archive. We 
process the data using the standard proce dures with HIPE 
software (build: 11.0.2938 lOttI I201Q|) (^see iLutz et aLllMTll 
for more details). We, then, use the SOURCe Extra ctor- 
Daophot routines in the package of HIPE (lQttll2010l) to de¬ 
tect sources, and measure their photometry in 4.2" and 8.5" 
radii apertures at 70yum and 160/im respectively. The sky 
background is measured in an annulus between 20"-30" and 
an automatic aperture correction from SOURCeExtractor- 
Daophot is applied. The l-cr noise in these images are 
0.4 mJy and 1.4 mJy at 70 pm and 160 pm respectively, mea¬ 
sured using random aperture photometry in regions free from 
sources. In the central 2' area of the maps, we detect 23 and 14 
sources at 70 pm and 160 pm respectively a bove a 3 a limit. 
Following the discussion of astrometry in 92.11 we confirm 
that the mean offset of sources in the 70 pm map is insignif¬ 
icant (ARA = —0.1"± 1.0" and ADec =0.5"± 1.3") using 
the counterparts of sources at 24 pm. 


2.4. Cluster Galaxy Catalogue and Redshift Measurements 

In our ana lysis we use the ca talog ue of cluster galaxies 
compile d in IHilton et al.l (120091) and iHavashi et al. (12014 
(see also lHilton et 31.11200711201 ft IHavashi et alJl2nial2nT¥ . 
Again, we only su mmarize the r uost re levant results here. 

The sample in IHilton et ^ (I2009I) includes 64 member 
galaxies: 24 of them are spectroscopic confirmed, and the 
remainder are selected by photometric redshifts. The pho¬ 
tometric redshifts {Zp) are calculated with the 2775 , 2 ^ 850 , J, 
and Kg photometry. The uncertainty in the photometric red¬ 
shifts, 5z = {zg — Zp)/{1 + Zg), of the 36 galaxies with 
spectroscopic redshifts at > 1.0, is asz = 0.039. The clus¬ 
ter members are selected by, firstly, requiring that their pho¬ 
tometric redshift lies in Zp = 1.27-1.65 (i.e. Zp falls within 
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Fig. 2.— IRAC 3.6/xm images of the eleven 850/xm detected SMGs in our sample centered on the positions in Table 1. The images are separated into three 
groups according to their projected distance to the cluster center: Tc < 0.25 Mpc (left), Tc = 0.25-0.7 Mpc (middle), and Tc = 0.75-1.0 Mpc (right). We show 
the 850 iim beam as a green circle, and the identified counterparts with the yellow crosses. We overlay [3, 4, 5] a 24 iim contours with a dashed red line, a 4 cr 
contour at 1.4 GHz in cyan, and [3, 4, 5] a for PACS 70/xm in solid blue. The most likely counterparts are frequently radio detected and usually correspond to 
the brightest PACS counterpart in the beam. The major tick marks show 5" increments. The white line at the bottom left of the first panel indicates 50kpc at 
z = 1.46. 



Fig. 3.— HST ACS F814W images of counterparts to eight of the 850 jim detected SMGs in our sample and WFC3 F160W imaging of the remaining three 
(SMGOl, 07 and 12), separated in terms of radius as in Fig.[2| We show the SCUBA-2 450/xm beam as a red circle, the PACS 70/xm as a blue circle, the 
IRAC 3.6 )um as dashed magenta contours and the A-a 1.4 GHz radio contour in cyan. The most likely counterparts from the radio/MIPS-based deblending are 
consistent with the positions of the 450 fim sources (where present) and are also the brightest 8 fim sources in the error circles, evidence of their very red infrared 
colors. The ACS images are log-scaled and have been smoothed with a 0.05" gaussian. The major tick marks indicate 1" increments. 


the 2cfsz of the cluster redshift, 2 : = 1.46), and, secondly, 
applying a quali ty cut on the phot ometric redshift such that 
PAz >0.9 (see iHilton et al.l l200^ . Using these two crite¬ 
ria, of the spectroscopically confirmed non-members, only 
two would be misclassified as members based on their pho¬ 
tometric redshifts, i.e. ^ 5% of photometric redshift members 
may be non-members of the spectroscopic sample. In addi¬ 
tion, four of the 24 spectroscopic confirmed cluster members 
with Zs = 1 .445-1.475 are missed by the photometric redshift 
s election 80% comp leteness. 

iHayashi et al.l (12014l) present a narrow-band survey to 
search for [Oil] emitters in and around XCS J2215 using two 
filters (NB912 and NB921) with Suprime-Cam on Subaru. 
The sample includes 170 [Oil] emitters at 2 ; ^ 1.46 with a 
redshift accuracy of cr{{z — Zg)/Zg)) = 0.002. The cen¬ 
tral wavelength and full-width half maximum of the NB912 
(NB921) filters are 9139 (9196) A and 134 (132) A, equivalent 
to velocity difference of ^ 2000 km s“^ or a redshift range of 
5z = ±0.02 at 2 ; = 1.46. To exclude the contamination of 
Ha or [Olll] emissions at higher re dshifts, they have app lied a 
BzK color selection illustrated in iHavashi et al.l (1201 ()l) . The 
5-cr limiting magnitudes of the narrow-band filter observa¬ 
tions are 25.2 and 25.4, respectively, corresponding to SFR 


are 2.6 and 2.2 Mq yr ^ according to the relation of lKennic^ 

dl^ . 

3. SUBMM SOURCES DETECTIONS 

In the SCUBA-2 850 yum map (Fig.[T]), we detect 16 sources 
above 4-a significance within the region with > 50% sensi¬ 
tivity, i.e. the radius of ^5.4' from the map center. The 4- 
a significance cut corresponds to a fiux limit of ^2.6mJy 
at the map center. The reported fluxes are not statistically 
de-boosted, but we derive deblended fluxes for these below. 
Eight of these 16 sources are located within 1 Mpc of the clus¬ 
ter center (1.95' radius), where the 1-cr noise at 850 /im is in 
the range of 0.63-0.80mJy beam“^. To estimate the false de¬ 
tection rate we search for negative “sources” in the map and 
confirm that there are no negative “sources” with S/N < — 4 
in this area. 

Using the number counts of the 870 /im sources in the Ex- 
tended Chandra D eep Field South submillimeter survey in 
iKarim et ^ (120131) . we derive the density of sub-millimeter 
sources with a fiux limit of ^ 2.6 mJy, and estimate that the 
expected number in a typical field is ^ 2 within the same 
projected area. Thus, the central regions of the XCS J2215 
map display a ^ 3-4 x overdensity in terms of sub-millimeter 
sources. 
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In addition, there are eight fainter 850/im sources with 
S/N = 3-4 in the central 1 Mpc area. Since many of these 
modest significance sources may be spurious, we use the data 
at 450, 160, and 70/im to verify the detections, and find 
that three of the eight are also simultaneously detected with 
S/N > 3 at all three of the shorter wavelengths. This detec¬ 
tion fraction is consistent with a simple test of the false de¬ 
tection rate of faint 850 /im sources from searching for neg¬ 
ative “sources” in the map, which indicates a false detection 
rate of about 70% for sources with S/N = 3-4. We also verify 
that none of these negative “sources” are detected at S/N > 3 
in all three of the shorter wavelength bands, which suggests 
that the three faint 850 /im sources with S/N = 3-4 which are 
detected in MIPS/PACS are likely to be real. Therefore, we 
include these three sources (SMG 11,12 and 13) into the final 
catalogue, and discard the other five. 

To summarize, we list the fiuxes from mid-infrared to radio 
of the eleven sources in Table [T] and show the IRAC 3.6 /im 
thumbnails of each in Fig.[2l The ID of the sources are num¬ 
bered in descending order of 850 /im S/N. 

4. COUNTERPART IDENTIFICATIONS 

To precisely locate the sub-millimeter sources we first use 
both the high-resolution 24 /im and 1.4 GHz images to iden¬ 
tify their counterparts, and then match these to sources in the 
optical and near-infrared data. Next, we use the redshift cata¬ 
logue of Hilton et al. and the [Oil] emitter sample of Hayahi et 
al. to determine if the counterparts are likely cluster members. 

As shown in Fig. [51 all eleven of the 850/im sources 
have possible counterparts at 24/im. Indeed, many of 
them have multiple candidates within the 850 /im SCUBA- 
2 beam (Fig. At 1.4 GHz, we find unique counterparts 
above the 4-cr radio fiux limit (^30/iJy) in the beam of 
six 850/im sources, and multiple counterparts in the three 
sources (SMG 01, 02 and 03). 

To determine the statistical significance of these potential 
counterparts we calculate the stand ard corrected Poisson ian 
probability of a positional match tP. lDownes et al.lll986h . In 
Table [TJ we list the counterpart probabilities calculated from 
the 1.4 GHz and 24 /im catalogues. The probabilities for all 
the proposed 1.4 GHz identifications of Pi .4 < 0.05 (normally 
taken to signify a robust identification), and for those with¬ 
out 1.4 GHz identifications, the probabilities derived for the 
24 /im counterparts are also P 24 <0.05 (fortunately, the two 
850/im sources which lack 1.4 GHz counterparts, SMG 05 
and SMG 12, are associated with single 24 /im counterparts). 
Thus, for all eleven of the SMGs we identify single, robust 
counterparts at either 1.4 GHz and/or 24/im to the 850/im 
sources. The higher-resolution PACS 70 /im and SCUBA- 
2 450/im imaging also provide an alternative route to test 
these identifications and we show the PACS map in Fig.|2|and 
the 70 /im and 450 /im beams in Fig. O confirming the likely 
counterparts. 

4.1. Multiplicity and 850 pun Flux Deblending 

Recent ALMA follow-up of sub-millimeter sources taken 
from single-dish blank field surveys have shown that 
they frequently contain multiple sub- millimeter sources 
when mapped at hig h spatial r esolution (iHodge et al.l 120131: 
ISimpson et all l 201 ^ . Indeed. lHodgeetal.1 (12013h demon- 
strate that robust counterparts (those with P < 0.05) iden¬ 
tified through radio and mid-infrared emission, as we have 
done here, are correct in 80% of cases, but are also incom¬ 
plete, recovering only 45% of the counterparts. This suggests 


that our identifications are likely to have reasonable purity, as 
indicated by their correspondence with the 70 /im and 450 /im 
positions. As we see later, the fact that many of these coun¬ 
terparts appear to be cluster members at z = 1.46 may also 
explain the high recovery rate of robust counterparts. This 
most likely reflects the lower-mean redshift of these SMGs, 
2: ^ 1.5, compared to the bul k of the field SMG population, 
2: ^ 2.5 (ISimpson et al.ll 20 A . which yields a more advanta¬ 
geous AT-correction in the MIPS and radio bands and hence a 
higher recovery fraction. 

Fig. |2| also shows potential evidence of multiplicity, with 
a number of SMGs appearing to have multiple counterparts. 
In the absence of sub-millimeter interferometric fiuxes for 
these sources, we have estimated the sub-millimeter fiux for 
each coun terpart by deble n ding t he 850/im map using the 
method in ISwinbank et al.l (120141) using a position prior in¬ 
cluding all 1.4 GHz and 24/im sources. We plot the fiuxes 
of the individual counterparts (excluding any sources with 
which are undetected based on the deblended fiuxes), along 
with the spectral energy distributions (SEDs) of the sources 
in Fig.® The fiuxes of most sub-millimeter sources are dom¬ 
inated by the counterpart selected by our probabilistic anal¬ 
ysis, and their deblended fiuxes are not significantly lower 
than the integrated fiuxes. The only exceptions are SMG 02 
and SMG 01. For SMG 02, the deblended fiux of the ma¬ 
jor counterpart is ^ 2 mJy lower than the single dish fiux of 
'S'sso = 5.9 ± 0.7 mJy. For SMG01, the two possible counter¬ 
parts share the integrated 850 /im fiux evenly, and correspond 
to two ~ 3 mJy SMGs. 

4.2. Cluster Membership 

Next, we match the radio and mid-infrared counterparts to 
the SMGs with the galaxies detected in the IRAC 3.6/im 
image and the photometric and spectroscopic redshift in¬ 
formation which we have associated with these galaxies. 
Many of the matched galaxies are clus ter members base d 
on spectroscopic redshifts (SMG06, 13: iHilton et al.ll2M^ . 
[On] emission at the c luster redshift (SMG03, 04, 11: 
iHayashi et al .120101120141) . or photometric redshifts (SMG 02, 
05: iHilton et al.ll20T^ . We tabulate the resulting redshift in¬ 
formation in Table [51 We note that all of the SMG counter¬ 
parts within 0.8 Mpc radius of the cluster center appear to be 
cluster m embers based on eit her spectroscopic or photometric 
redshifts (iHiltqn et al .1120101) . or narrow-band [Oil] emission 
(iHavashi et aklboiol I2OI4I) . This suggests that gravitational 
lensing is not a significant factor in the SMG over-density ob¬ 
served in the cluster core. However, we have no redshift esti¬ 
mates for the most-likely counterparts of the three outer-most 
850/im sources, SMG 01, SMG 07 or SMG 12. 

As we have noted, ALMA has demonstrated the need for 
robust sub-millimeter identifications to reliably associate po¬ 
tential SMG counterparts to sub-millimeter sources. This is 
particularly true in crowded fields such as the cluster core 
studied here, given the density of potential counterparts, es¬ 
pecially at 24 /im. Nevertheless, (in the absence of lens¬ 
ing) the strong over-density of sub-millimeter sources around 
XCS J2215 would suggest a relatively low contamination rate 
(only tw o fie ld SMGs are expected in this area) and as we 
show in 95. li the SEDs of most of these counterparts are con¬ 
sistent with those expected for ultra-luminous infrared galax¬ 
ies (ULIRGs) at the cluster redshift and so we suggest that the 
majority identifications are likely to be correct. 

5. ANALYSIS AND DISCUSSION 
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Fig. 4. — Left: The {z' — K )-m 4 . color-magnitude diagra m for cluster members (roughly corresponding to restframe (U — I)-Mh)- We plot the SMGs, 
the [On] narrow-band emitters from IHavashi et all J20101.120141) and the ph otometric-redshift-members from IHilton et al.l <20101) . The dashed line is the red 
sequence derived using the early-type cluster members in IHilton et al.l <20091) . This demonstrates that the SMGs are amongst the reddest cluster galaxies, likely 
due to strong dust obscuration, and are also amongst the most l uminous in the res tframe if-band, suggesting they have high stellar mass. Similar behaviour has 
been seen in SMG members of other high-redshift clusters (e.g. lSmail et al.ll2014D . For reference, the stellar mass of the SMG02 and SMG05 calculated based 
on m 4 . 5 ^m are noted in the bottom. Right: The infrared to radio SED of the SMG counterparts. The fluxe s are plotted as red circles with l-a errors and the 
non-detections are shown by 3-a limits and we also show the deblended fluxes for the sources in green (see ED- The SED fit (solid line) excludes the 24 /xm, 
and the redshifts are fixed to the cluster redshift in all cases. The grey area shows the l-cr confidence range of the fit. The majority of the SMGs have SEDs which 
are well-fit by the template libraries at the cluster redshift, showing that the dust emission from these galaxies is consistent with them being cluster members. 



Eig. 5.— Left: Dust temperature and infrared luminosity of the SMGs within 1 Mpc radius of XCS J22 15 compared to low-red shift ULIRGs and high-redshift 
SMGs. We include in the plot th e Ltr-Th correlatio n derived for local 60 iim selected IRAS galaxies bv IChanman et al.l <20031) (solid line, with l-cr dispersion 
shown by the dotted line; see also lChapi n et al.l2 00^. This plo t shows that at a fixed Ljk, the SMGs in XCS J2215 are ~ 5 K cooler than the average temperature 
of SPIRE-selected U/LIRGs at 2; < 1 <Svmeonidis et al.||20i3D, and also ^ 3-4 K hotter than the median temperature of ALMA-identifled SMGs with 2; > 1.5 in 
the Extended Chandra Deep Eield South lALESS. ISwinbank et'd]l2014l) . This trend is consistent with a decline with redshift of the dust temperature at a fixed 
luminosity, suggestive of les s compact starbursts at higher redshifts. Note that the temperature are fitted with fixed redshifts and so that the uncertainty may 
be underestimated, see ^5.II for the details. Right: The far-infrared-radio correlation for the XCS J2215 SMGs com paring to the ALMA-identifled SMGs from 
the ALESS survey <Thomson et al.ll20T^ . We only plot thos e ALESS SMGs de tected at 1.4 GHz in IThomson et al.l <2014) . and they are color-coded according 
to their redshifts. The solid line shows the correlation from llvison et al.l with logarithmic infrared to radio flux ratio, giR =2.40 and the dotted lines 

represent the 2-(7q = ±0.48 range. The three XCS J2215 sources (SMG 01, 06 and 11) with excess radio power in Eig.|4]are the three circled points. The ratio 
of far-infrared to radio luminosities in the XCS J2215 sample is comparable to that seen in the radio-detected ALESS population at similar redshifts. 


5.1. Spectral Energy Distributions 

In Fig. [ 4 ] we show the {z' — Fr)-m 4 . 5 ^ni color-magnitude 
diagram for the cluster members, incl uding the SMG coun¬ 
terpar ts, [On]-detected members from iHayashi et al.l (1201 Ol 
120141) and if- band membe r s sele cted using photometric- 
redshifts from iHilton et~^ (l2010l) . As seen in previous 
studies of SMG members of high-redshift clusters (e.g. 
Small et aD2014l). an d indeed the field SMG population (e.g. 
Simpson et al.ll2014l) . the SMG counterparts tend to be both 
redder and more luminous than average field galaxies. This 
is consistent with their identification as massive, dusty star- 
bursts, where the dust extinction results in red UV-optical 
colors and the combination of high mass and significant re¬ 
cent star formation means that they are luminous sources in 


the restframe near-infrared. We note that one counterpart, that 
for SMG 05, appears fainter and bluer than the rest, properties 
more consistent with the “normal” cluster population on the 
red-sequence. This source is also unique in being undetected 
in all bands from 70 pm to 1.4 GHz, except at 850 pm. 

For the galaxies in Fig. [4] we can estimate the typical rest¬ 
frame i7-band absolute magnitudes, which are a crude tracer 
of their stellar masses, by converting their observed 4.5 pm 
(which samples close to restframe i7-band) using a model 
SEP b ased on the reddened burst SED fit from ISimpson et al.1 
(120141) . This predicts a combined iT-correction and distance 
modulus value of —44.9, which when applied to the observed 
4.5 pm magnitudes gives a median restframe i7-band absolute 
magnitude for the SMG sample of Mh = —25.0 ± 0.3. This 
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is marginally brighter than the M h = — 24.6 ± 0. 2 deriv ed for 
IRA C-detected “field” S MGs by ISimpson et alJ (120141) (see 
also iHainline et al.ll201 Ih . even though the latter typically lie 
at higher redshifts. The simplest interpretation of this com¬ 
parison is that the cluster SMGs we find in XCS J2215 may 
be marginally more massive than comparably star-forming 
sources in the field. 

We note that there are three sources which lie outside the 
coverage of the HST zgso image and so are missing from 
Fig. [4] and the calculation above. However, all three appear 
to be AGN: the counterparts to SMG07 and 12 in Fig. [2| are 
both bright point-like co mponents and both of these counter¬ 
parts are X-ray detected (iHilton et al .1120101) . suggesting that 
these two SMGs host unobscured AGN (which will contam¬ 
inate their i7-band luminosities). In addition, SMGOl, ap¬ 
pears to have a strong radio excess over th at expected for the 
best fit template SED in Fig. [4| (see ^5.1.4b , also suggesting an 
AGN component. Thus, intriguingly, all three SMGs on the 
outskirts of the cluster host AGN. 

5.1.1. Template Fitting 

To derive the far-infrared luminosity and SFRs of the 
85 0 /im-detected c l uster members, we follow the procedure 
in ISwinbank et all (120141) and fit their SEDs us i ng a library 
of gala xy t emplates fromlCharv & Elb^ (l2001h . iRieke et M 
(120091) . and iDraine et al.l (l2007h . The fitting is performed with 
the photometry from far-infrared to 1.4 GHz, but excluding 
the 24 /im band to avoid the complexity caused by the red- 
shifted PAH and Silicate features at the cluster redshift. The 
redshifts used in the fitting procedure are fixed at the cluster 
redshift for all sources. The results of this are shown in Fig. [4] 
and Tabled As Fig. [4| shows, the template libraries provide 
adequate fits to the majority of the SMGs, indicating that their 
SEDs can be well-described by standard templates at the clus¬ 
ter redshift. The median of degree of fredom (DOF) 

is 0.66, and the values are less than one for all sources ex¬ 
cept for SMGOl, x^/DOF = 1.8; SMG02, y^/DOF = 1.6; 
and SMG12, ^/DOF = 2.8. If we allow the redshift for the 
sources without spectroscopic redshift to be a free parameter 
in the fits, the best fit redshifts are still located within the range 
ofz= 1.3-1.7, close to the cluster redshift. For all sources 
without precise redshifts the fits with unconstrained redshifts 
are not significantly better, Sx^ < 0.2, than those fixed at the 
cluster redshift. 

We note that the fitting of SMG 05, which was already high¬ 
lighted above, is much more weakly constrained as it is based 
on a single detection at 850 fim and limits. The best-fit tem¬ 
plate of SMG 05 predicts fluxes above the detection limits at 
70/im, 160 yum, 450 yum and 1.4 GHz. This may imply that 
this source is in fact a higher-redshift field SMG which is not 
related to the identified cluster counterpart. The presence of 
a field source within the sample would be consistent from the 
predicted field contamination, but we note that our subsequent 
analysis of the integrated SFR in the cluster does not change 
significantly if this source is included or excluded. Similarly, 
the other three galaxies without precise redshifts (SMG 01, 07 
and 12), are all located outside of R 200 ^0.8 Mpc, and so are 
not included in our estimate of the integrated SFR within the 
virial radius of cluster derived below. As a result the uncer¬ 
tainties over both their membership an d the AGN contribution 
to their far-infrared luminosities (see §ED does not effect our 
discussion. 

5.1.2. Infrared Luminosity and Dust Temperature 


Using the best-fit models for each SED, we calculate the 
infrared luminosity Lir in the wavelengt h range from 8- 
1000yum, and the SFR from the relation in lKennic^ (Il998h 
assuming a Salpeter initial mass function. The results are 
listed in Table [2l To compare the dust temperature in these 
cluster galaxies with other SMGs, we also estimate the dust 
temperature (Td) by fitting the fluxes from 160-850 ptm using 
a grey-body model assuming a dust emissivity of /3 = 1.5 and 
the redshifts in Table O We note that it is likely that the un¬ 
certainties on the derived temperature are underestimated as 
we have adopted both fixed redshifts and [3 in the fitting. 

We show the distribution of Lir and Td for the clus¬ 
ter SMGs in the left panel of Fig. [5l where we compare it 
to both the TjR-Td tre nds seen in samp l es of low-redshift 
(z ^ 0 A) ULIRGs from ISvmeonidis et~^ (120131) and the me¬ 
dian v alues for high-redshift field SMGs from ISwinbank et "aH 
(12014 . At the typical luminosities of the SMGs in XCS 2215, 
Tir ^ 1 xIO^^Lq, the SMGs appear to have temperatures 
which are ^ 3-4 K cooler than comparable luminous low- 
redshift ULIRGs (^29K versus ^34K respectively). At 
these luminosities the ALMA-identified field SMGs from 
(ISwinbank et al.l 12014 . which typically lie at higher red¬ 
shifts ^ ^2-3, are even cooler (^25K). This suggests 
that the characteristic dust temperature of ULIRGs may de¬ 
cline with increasing redshift, perhaps indicating a more 
extended distribution of dust in SMGs, compared to local 
ULIRGs, although the infiuence of the 850 fim sample selec¬ 
tion complicates the interpretation of this trend. A number of 
other studies have suggested similar trends of more extended 
dust and star-formation distributions in SMG s , using a vari¬ 
ety of observations (^e.g.lChapman et al.l 20031: IHainline et alJ 
20091: iM enendez-D elmestre et al.l 1200^ |l vison et al JIMS 
Swinbank et alJl2014l) . 

5.1.3. Different Measurements of Star Formation Rates 

We compare the different tracers of star formation in the 
XCS J2215 galaxies in Tabled Here w e list the SFR calcu¬ 
lated from the rOi i] narrow-band fiux es (iHavashi et al.ll201Ql 
12014 and 24yum (iHilton et al.ll2010l) for comparison to the 
far-infrared. The SFR[oii] of those SMGs detect ed as [Qiil 
emitte rs are calculated according to the relation of lKennicutti 
(11998h . which significantly underestimates the SFR of these 
dust-rich SMGs. An extra attenuation factor of ^ 3 mag¬ 
nitudes at 3121K is required to bring the SFR[oii] up to 
their SERrir. In addition, the non-detection of [Oil] emis¬ 
sion from the other SMGs suggest an attenuation factor of 
> 4 magnitudes. To compare the 24yum and far-infrared, we 
use the tabulated SFR 24 //m fro SMG 06 and 13 derived from 
the ICharv & Elbazl (12()011) spectral templates bv IHilton et al.l 
(l2(TO to calibrate the SFR of the other SMGs from their 
24 yum fiuxes. As expected for the dusty SMGs we find that 
SFR 24 ^m are not as biased as the SFRjoii], although there 
are obvious biases associated with mid-mfrared-bright AGN 
in the sample and overall the large variation relative to the 
SFRrir may be explained by the contamination of PAH fea¬ 
tures. 

5.1.4. Radio Power 

The right panel of Fig. [5] compares the ratio of far-infrared 
and radio luminosities for the candidate 2 ; = 1.46 clus¬ 
ter SMGs to those of a sample of radio-detected, AL MA- 
identified field SMGs drawn from lThomson et all (12014 . We 
restrict ourselves to the radio-detected field sample to mimic 









































































8 


the requirement for radio identifications of counterparts in 
XCS J2215. For the XCS J2215 SMGs the radio power den¬ 
sity at rest-frame 1.4 GHz is calculated assuming a spectral in¬ 
dex of a = —0.8. We also p lot the far-infrared-radio correla¬ 
tion from llvison et all (1201 Oh and its 2-cr boundaries and high¬ 
light the three XCS J2215 SMGs (SMG 01, 06 and 11) which 
exhibit excess radio power in FiglU Overall the XCS J2215 
SMGs appear to have enhanced radio luminosities relative to 
their far-infrared emission, compared to the field population, 
although if we exclude the three radio-loud SMGs, the ma¬ 
jority of the SMGs in XCS J2215 lie within the scatter of the 
far-infrared/radio luminosity ratios of the field SMG popula¬ 
tion. 

5.2. Integrated star-formation rate 

As we have discussed, there appears to be strong evolu¬ 
tion in the SFR of galaxies in cluster cores out to high red- 
shift. To compare our high-redshift cluster to other low- 
and intermediate-redshift clusters, we therefore integrate the 
the total SFR within the virial radius (0.8 Mpc) to obtain 
XSFR = 1400^440 Mq yr“^ and normalize by the cluster 
mass (Mci = 3x 10^^ M©) following iPopesso et al.l (1201 2h 
to derive a mass-nor malized SFR of 460 t?^n / 10^^ vr~^ 
shown in Fig. In iPopesso et al.l (l2012b . the luminosity 
limit (I/iR > 10^^ Lq or equivalently SFR > 20M© yr“^) of 
the PACS-detected member galaxies are lower than the lu¬ 
minosity limit of the 850/im-selected SMGs in XCS J2215, 
(^iR > 7 X 10^^ Lq or SFR > ISOMq yr“^). Therefore, we 
also calculated the mass-normalised integrated SFR includ¬ 
ing t he 24 /im sou r ces wi th the limit of SFR > 100 Mq yr“^) 
from iHilton et H] (l2010h . and the [Oil] emi tters with the 
limit o f dust-corrected SFR > 10 Mq yr“^ from iHavashi et al.l 
(I 2 OIOI) . When including these samples in the plot, the mass 
normalized integrated SFR increases by a factor of 1.5 and 
2.1 respectively compared to that determined solely from the 
850 /im-selected SMGs - leading to a mass-normalised inte¬ 
grated SFR in galaxies with individual SFRs > 10 Mq yr“^ 
of(950±320)/10i^MQyr-i. ^ 

Recently, some works (e.g. iBrodwin et al.l 120131: 
[Alberts et al.l 1201 4l) have arguably suggested that ^ ^1.4 
is a critical era for star-formation activity in clusters. At 
2 ; > 1.4, the clusters selected from the IRACS Shallow 
Cluster Survey are dominated by active star-forming galaxies, 
while at z < 1.4 the star-formation activity in clusters is 
exceeded by the galaxies in less dense environ ments. Many 
studie s of individu a l high -r edshift cluster (e.g. iBayliss et al.l 
I20l4 ISmail et ^ 12014 ISantos et^ I20l4 also show 
enhanced s t y-form ation activ ities in clusters at 2 ; > 1.4. 
ISmail et ^ (120141) (see also ISantos et^ 120141) estimated 
the mass-normalized star-formation density (XSFR / Md) 
of a 2 ; = 1.6 cluster, measuring (800±400 )/IO^^Mq yr“^, 
which is consistent with the total SFR of all cluster members 
inXCSJ2215: (950±320)/ IO^^Mq yr-^. Both of these 
clusters lie a factor ^ 4 x above th e proposed rich-cluster se¬ 
quence from IPopesso et al.l (l2012b . and a factor ^ 2 x above 
the proposed poor-cluster/group-scaling relation, suggesting 
that there is more star-formation activity occurring in these 
high-redshift systems than predicted by extrapolation of these 
models from lower redshifts. Indeed, the mass normalized 
SFRs of both of these high-redshift clusters is in better 
agreement with th e simple (1 -h zY evolution proposed by 
iGeach et H] (l2(306l) (^see alsojCowie et al.ll2004l) . 

However, as iGeach et al.l (l2006l) point out, the factor > 2 


scatter in mass-normalized SFR between the clusters at a fixed 
redshift suggests that individual cluster environments have 
strong influences on the star-formation histories of their con¬ 
stituent galaxies. In particular, the enhanced star-formation 
activities may be caused by the merging of less massive clus¬ 
ters or gr oups (as seen in the merging system at low red- 
shift e.g. iMarcillac et al.l l2007l) . and do not happen in the 
more relaxed systei ns (e.g. a cluster at slightly lower red- 
shift at ^ = 1.39 in iBauer et al.ll2QlTI) . At present we have 
too few high-redshift clusters to determine if there is simi¬ 
larly strong variation in levels of cluster activity as seen at 
lower redshifts, or if all high-redshift clusters display simi¬ 
larly levels of activity. Further deep sub-millimeter observa¬ 
tions of ^ > 1 clusters are required to test this. However, 
there is already some evidence for differences between the 
two 2 ; ^ 1.5 clusters studied with SCUBA-2: the majority of 
the SMGs discovered in XCS J2215 lie within the core region 
of the cluster intersp ersed with the passi ve cluster population, 
whereas in Cl J0218 TSmail et slU (12014l) found that the clus¬ 
ter core was dominated by passive galaxies, with the SMGs 
lying on the outskirts. There are also potential differences 
in the appare nt masses of the SM G populations in these two 
clusters, with ISmail et ^ (120141) finding a median restframe 
H-hand absolute magnitude (which is a crude proxy for stel¬ 
lar mass) for their 850 //m-detected SMGs of Mh r\j — 24.0, 
compared to Mi:/ = -25.0 ±0.3 for the SMGs in XCS J2215. 
The XCS J2215 SMGs are therefore brighter (and potentially 
more massive?) than those in Cl J0218, and so they ought to 
evolve into more luminous galaxies at the present day, assum¬ 
ing similar evolutionary pathways. Indeed, adopting a ca non- 
ical burst lifetime of lOOMyrs (^e.g. lSimpson et al.ll2014l) . we 
would expect these galaxies to fade by 3.2 magnitudes in the 
restframe M-band by the present day, assuming no subsequent 
star formation, merging or stripping. The median M-band ab¬ 
solute magnitude of the XCS J2215 SMGs would then cor¬ 
respond to Mh ^ —21.8 - the brightness of a typical el¬ 
liptical galaxy at ^ ^0. Along with their central location, 
this perhaps suggests that we are seeing the final stages of 
the formation of the bulk of the elliptical galaxy population 
in XCS J2215, whereas C1J0218, with its passive-dominated 
core, has already passed through this phase. 

6. CONCLUSIONS 

We have obtained deep 450- and 850-/im imaging of the 
2: = 1.46 X-ray selected cluster XCS J2215.9—1738 using the 
SCUBA-2 bolometer camera on the JCMT. We combine these 
new observations with multiwavelength archival data on this 
system, including Spitzer MIPS mid-infrared imaging, Her- 
schel PACS far-infrared data and VLA radio observations. To¬ 
gether these data provide a sensitive survey of ULIRG activity 
in the central regions of the cluster. 

From these data we identify a significant over-density of 
eleven SMGs in the cluster core. By both statistically- 
matching these sub-millimeter sources to available MIPS 
24/im and 1.4 GHz radio sources and deblending the 
SCUBA-2 maps using the MIPS and radio catalogs as pri¬ 
ors, we determine robust identifications of counterparts to all 
eleven SMGs (the majority from radio identifications). 

Two of these SMG counterparts have precise spectroscopic 
redshifts which confirm that they are members of the cluster. 
Three others are identified as likely cluster members through 
their detection in narrow-band imaging of the redshifted [Oil] 
emission line, while a further three have photometric redshifts 
which are consistent with their being members. Hence in total 
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Fig. 6.— The integrated star-formation rate of clusters and groups normal¬ 
ized by their total mass. We plot the total SFR of XCS J2215 derived from 
the 850/xm-selected SMGs within the virial radius of the cluster . Inclu ding 
the star formation in the 24 sources detected in IHilton et al.l (1201011 and 
[On] emitters detected in IHavashi et al.l (120101 |20T^ . the normalized inte¬ 
grated SFR will increase by a factor of 1.5 or 2.1 respectively as indicated by 
the cross and arrow. Compared to the tren d of galaxy groups/poor clusters or 
clusters proposed bv IPopess o et al.l (1 201 111, t he mass-normalized SFR of both 
XCS J2215 and Cl J0218 dSmail et al.ll2014H suggest more star-formation ac- 
tivity in high-redsh ift clusters, closer to the power-law evolution proposed by 
IGeach et'ffl (1200611 . 

eight of the eleven SMG counterparts, including all of those 
within the virial radius (0.8 Mpc), are probable or potential 
cluster members. 

We fit the far-infrared and radio SEDs of the cluster 
members and derive a typical luminosities Lir ^ (1.0 ± 
0.1)xl0^^L© (corresponding to a SFR= 17O±2OM0yr“^). 
These cluster SMGs appear to have temperatures which 
are ^ 3-4 K cooler than comparably luminous low-redshift 
ULIRGs, perhaps indicating a more extended distribution of 
dust in SMGs compared to local ULIRGs. We also show that 
the galaxies lie within the scatter of the radio-far-infrared cor¬ 
relation seen for field SMGs at high redshifts. 

Finally, to investigate the evolution of the starburst popu¬ 
lation in the cores of clusters with redshift, we integrate the 
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Star formation within all galaxies in the cluster core (through 
our 850/im-selected SMGs, 24/im-selected galaxies and [Oil] 
emitters). Normalizing by the total cluster mass, we show that 
XCS J2215 contains one of the most active clusters cores stud¬ 
ied to date. By combining with other low- and high-redshift 
samples, we show that the evolution of the mass-normalized 
SFR appears to continue to increase at ^ > 1, consistent with 
an evolutionary trend scaling as (1 -f with n ^1. How¬ 
ever, we have observations of very few clusters at ^ > 1 and 
so it is unclear if the scatter between clusters that is seen in 
the low-redshift samples at fixed redshift (refiecting a variety 
of evolutionary states), also exists at high redshift. The evi¬ 
dence we have from the differences in the environments and 
near-infrared luminosities of the SMGs in the two ^ ^1.5 
clusters studied with SCUBA-2 hints that evolutionary differ¬ 
ences may already exist between clusters at this epoch, re¬ 
fiecting their different levels of development. 
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TABLE 1 

Properties oe the 850 /j,m sources within 1 Mpc radius op XCS J2215.* 


ID 

R.A. 

(J2000) 

Dec. 

(J2000) 

/850 

(mJy) 

/450 

(mJy) 

/16O 

(mJy) 

fro 

(mJy) 

/24 

(mJy) 

/1.4 

(MJy) 

(Mpc) 

P24 

Pi A 

04 

2215 58.4 

-173819 

3.2 ±0.6 

< 16 

8.1 ± 1.4 

1.0 ±0.4 

0.17 ±0.01 

33 ±8 

0.15 

0.13 

0.05 

06 

2215 59.8 

-17 37 59 

2.9 ±0.6 

16 ±5 

8.6 ± 1.4 

1.3 ±0.4 

0.22 ±0.01 

76 ±8 

0.07 

0.03 

0.01 

11 

2215 58.7 

-17 3747 

2.2 ±0.6 

18 ±5 

9±4 

1.5 ±0.5 

0.09 ±0.01 

86 ±8 

0.16 

0.02 

0.01 

13 

2215 57.3 

-1737 55 

1.9 ±0.6 

16 ±5 

10.0 ± 1.4 

2.2 ±0.4 

0.22 ±0.01 

52 ±9 

0.24 

0.03 

0.01 

02 

221602.9 

-1738 35 

5.9 ±0.7 

21 ±6 

19.4 ± 1.4 

7.8 ±0.4 

0.72 ±0.01 

63 ±9 

0.55 

0.05 

0.02 

03 

221600.6 

-1738 35 

3.4 ±0.7 

17 ±6 

7.5 ± 1.4 

1.7 ±0.4 

0.23 ±0.01 

66 ±9 

0.32 

0.07 

0.04 

05 

2215 59.8 

-17 3719 

3.1 ±0.7 

< 17 

< 4 

< 1.3 

0.20 ±0.01 

< 25 

0.39 

0.01 


10 

221604.8 

-173751 

3.0 ±0.8 

24 ±6 

10.6 ±1.3 

2.2 ±0.5 

0.28 ±0.01 

53 ±8 

0.69 

0.04 

0.01 

01 

2215 59.0 

-17 3943 

6.6 ±0.8 

26 ±6 

10.5 ±1.5 

2.8 ±0.4 

0.56 ±0.01 

168 ± 10 

0.84 

0.01 

0.003 

07 

221601.2 

-173935 

3.5 ±0.8 

21 ±7 

10.0 ± 1.4 

1.6 ±0.5 

0.46 ±0.01 

47± 10 

0.82 

0.000 

0.000 

12 

221602.0 

-17 3947 

2.7 ±0.8 

22 ±7 

8.4 ± 1.5 

3.1 ±0.4 

1.30 ±0.01 

< 29 

0.98 

0.05 



* The columns lists the ID, the 850 /am position and fluxes at 850 /im and 450 /im measured using SCUBA-2, with PACS 
on Herschel at 160 ^m and 70 /xm, MIPS on Spitzer at 24 /xm, and JVLA at 1.4 GHz. For non-detections with S/N < 3, the 
3-cr upper limit is listed. The next column gives the cluster-centric radius of each source in Mpc. The 850 /xm sources all 
have close and bright 1.4 GHz and/or 24 /xm counterparts and the flnal two columns are the P-statistics of these counterpart 
at 24 /xm and 1.4 GHz. The sources are grouped in the table according to the projected distance from the cluster core (rc). 
Within each group, the sources are ranked according to their 850 /xm fluxes. 


TABLE 2 

Derived properties por the 850 /xm sources in XCS J2215.* 


ID 

R.A. 

Dec. 

z 

Lm 

Td 


SFR 


iri4.5p,m 

(^' - K) 

Notes 





(IO^Lq) 


FIR 

[Oil] 

24/Lim 





(J2000) 

(J2000) 


(K) 

(Moyr-1) 


(AB) 

(AB) 


04 

2215 58.10 

-17 3814.1 

[Oh] 


28 ± 1 [23] 

1301“ 

8 

170 

19.9 

2.38 


06 

2215 59.64 

-17 3759.0 

1.469 


29 ± 1 [23] 


8 

240 

19.1 

2.04 

HIO: 744/747. 

11 

2215 58.44 

-17 3746.6 

[Oh] 

Q q-|-2.i 

9 

31 ± 3 [24] 

UOtfo 

11 

110 

19.7 

2.51 


13 

2215 57.17 

-17 3752.9 

1.454 

8'6l?;5 

32 ± 2 [24] 

160l“ 

11 

160 

20.3 

1.76 

HIO: 35. 

02 

221603.07 

-17 3840.0 

phot- 2 : 


29 ± 1 [27] 

3601“ 


650 

18.8 

1.94 

HIO: 1022. 

03 

221600.87 

-17 38 30.8 

[Oil] 

8-31L 

28 ± 1 [22] 

1301“ 

10 

160 

20.4 

1.99 

HIO: 983. 

05 

2215 59.75 

-17 3717.2 

phot- 2 : 

lo-ells 

26 ± 2 [23] 

1501250 


140 

21.1 

0.92 

only 850/xm in FIR 

10 

221604.92 

-17 37 54.1 

phot- 2 ; 

W.2tll 

29 ± 1 [24] 

180l“0 


220 

20.0 

2.02 

HIO: 709. 

01 

2215 58.95 

-17 3942.3 



25 ± 1 [21] 

180l“ 


510 



Radio-bright AGN. 

07 

221601.13 

-17 3934.9 


9At\l 

29 ± 2 [23] 

160l“ 


380 



X-ray AGN. 

12 

221602.27 

-17 3950.1 



29 ± 2 [23] 

160l“ 


1200 



X-ray AGN. 


* The columns lists the ID, the F814W position of the proposed counterpart, the redshift or source of the membership, the far-infrared 
luminosity and dust temperature, the star-formation rate, the 4.5 /xm IRAC magnitude and {z' — K) color and Anally notes on each 
candi date SMG. In addition to th e SFR calculated using the far-infrared SED in this paper, the t wo SFRs calculated using the flux of 
[On] (IHavashi et al .1120id 120141) . and 24/xm are listed for comparison. The SFR Counterparts in iHilton et al.l (l2010h are indicated by 
HIO and their IDs. In the column listing Td, the second value (in parenthesis) corresponds to the dust temperature derived by taking 
the wavelength of the peak of the best-fitting dust SED template and assuming Apeak7d = 2.897 x 10^ m K. 
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